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Having abundant experimental information of charmed mesons together with the present research status, we
systematically study higher radial and orbital excitations in the charmed meson family by analyzing the mass
spectrum and by calculating their OZI-allowed two-body decay behaviors. This phenomenological analysis
reveals underlying properties of the newly observed charmed states D(2550), D∗(2600), D∗(2760), D(2750),
DJ(2580), D∗J(2650), D∗J(2760), DJ(2740), DJ(3000) and D∗J(3000) to provide valuable information of the
charmed mesons still missing in experiments.
PACS numbers: 14.40.Lb, 12.38.Lg, 13.25.Ft
I. INTRODUCTION
In the past years, experimentalists have made great ad-
vances for observing charmed mesons and accordingly a list
of charmed mesons collected in Particle Data Group (PDG)
has become increasingly abundant [1]. Candidates of higher
radial and orbital excitations in the charmed meson family are
the newly observed mesons D(2550), D∗(2600) D∗(2760) and
D(2750) from BaBar [2], and DJ(2580), D∗J(2650), D∗J(2760),
DJ(2740), DJ(3000) and D∗J(3000) from LHCb [3], whose ex-
perimental information together with other observed charmed
mesons is given in Table I.
This new observation and the present research status mo-
tivate us with great interest to carry out systematic and phe-
nomenological study of higher radial and orbital excitations
in the charmed meson family, which will reveal the underly-
ing properties of the observed charmed mesons and provide
much more information for their further experimental search.
Although there have been a couple of works studying the
heavy-light systems including charmed mesons with their de-
cay modes [4–11], in this work we focus mainly on applica-
tion of our modified Godfrey-Isgur model developed in Ref.
[12] to calculating mass spectrum and decay behaviors of
charmed mesons. Difference of our model from the Godfrey-
Isgur model (GI) proposed in Ref. [13] is that the confining
potential br in the GI model is replaced by the screened one
Vscr = b(1 − e−µr)/µ to reflect the unquenched effect (see Ref.
[12] for more details). This model includes such a screening
effect that a linear confinement term br be screened or soft-
ened at large distances by virtual quark pairs and dynamical
fermions [14, 15], which is important especially for higher ra-
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dial and orbital excitations. Even though the GI model does
not consider the screening effect, it has been successful to de-
scribe the low-lying states [13]. With the modified GI model,
we will show a quite successful mass spectrum of the high-
lying charmed meson family. Having the abundant experi-
mental data, we are able to compare our theoretical values
with the corresponding experimental results, which can not
only test the reliability of our modified GI model, but also give
some useful structure information of the observed charmed
mesons. In addition, we will predict masses of some missing
charmed mesons, which gives an important hint to experimen-
tally explore these missing states.
One more valuable lesson we learned from the former work
Ref. [12] is that an experimental value of a mixing angle
which is close to the one in the heavy quark limit determines
relative decay widths, broad or narrow, with the same JP
states in two spin multiplets. These results are found to be
model-independent. The same scenario can be applied to the
charmed meson family too and details will be described later.
After analyzing the mass spectrum of charmed mesons, in
this work we further study two-body OZI-allowed decays of
charmed mesons, where the quark pair creation (QPC) model
[16–22] is applied to calculating strong decays. With the mod-
ified GI model, we obtain the numerical wave functions of
charmed mesons, which can be applied to calculating strong
decays of charmed mesons, where we give partial and total
widths of charmed mesons under discussion and some typical
ratios relevant to these decays.
Combining the analysis of mass spectrum with calculation
of the decay widths, we can learn the properties of higher ra-
dial and orbital excitations in the charmed meson family. Fur-
thermore, we can also shed light on the underlying structures
of the observed charmed states under discussion, which is the
main task of this work.
This paper is organized as follows. In Sect. II we give a
concise review on the observed charmed mesons. Then, the
mass spectrum will be analyzed in Sect. III, where the modi-
fied GI model is briefly introduced. In Sect. IV we will give
a brief review of the QPC model and calculate the two-body
OZI-allowed decay of the charmed mesons under discussion
2TABLE I: Experimental information of the observed charmed mesons.
State Mass (MeV) [1] Width (MeV) [1] 1st observation Observed decay modes
D 1864.84 ± 0.07
D∗ 2010.26 ± 0.07 0.083
D1(2420) 2421.4 ± 0.6 70 ± 21 ARGUS [23] D∗π
D∗2(2460) 2464.3 ± 1.6 20 ± 10 ± 5 TPS [24] D+π−
D1(2430) 2427 ± 26 ± 25 384+107−75 ± 75 Belle [32] D∗π
2477 ± 28 266 ± 97 BaBar [38] D∗π
D∗0(2400) 2308 ± 17 ± 32 276 ± 21 ± 63 Belle [32] Dπ
2407 ± 21 ± 35 240 ± 55 ± 59 FOCUS [39] Dπ
2297 ± 8 ± 20 273 ± 12 ± 48 BaBar [40] Dπ
D(2550) 2539.4 ± 4.5 ± 6.8 130 ± 12 ± 13 BaBar [2] D∗π
D∗(2600) 2608.7 ± 2.4 ± 2.5 93 ± 6 ± 13 BaBar [2] D(∗)π
D(2750) 2752.4 ± 1.7 ± 2.7 71 ± 6 ± 11 BaBar [2] D∗π
D∗(2760) 2763.3 ± 2.3 ± 2.3 60.9 ± 5.1 ± 3.6 BaBar [2] Dπ
D(2580) 2579.5 ± 3.4 ± 5.5 177.5 ± 17.8 ± 46.0 LHCb [3] D∗π
D∗J(2650) 2649.2 ± 3.5 ± 3.5 140.2 ± 17.1 ± 18.6 LHCb [3] D∗π
DJ(2740) 2737.0 ± 3.5 ± 11.2 73.2 ± 13.4 ± 25.0 LHCb [3] D∗π
D∗J(2760) 2761.1 ± 5.1 ± 6.5 74.4 ± 3.4 ± 37.0 LHCb [3] D(∗)π
DJ(3000) 2971.8 ± 8.7 188.1 ± 44.8 LHCb [3] D∗π
D∗J(3000) 3008.1 ± 4.0 110.5 ± 11.5 LHCb [3] Dπ
by the QPC model. This paper will end with a short summary
in Sect. V.
II. STATUS OF THE OBSERVED CHARMED MESONS
Before investigating the observed charmed mesons, we
need to briefly review the present research status on candi-
dates of higher radial and orbital excitations of the charmed
meson family,
A. D∗0(2400), D1(2430), D1(2420) and D∗2(2460)
As the first observed P-wave charmed meson, D1(2420)
was reported in the D∗π invariant mass distribution by the
ARGUS Collaboration, where its measured mass and width
are M = 2420 ± 6 MeV and Γ = 70 ± 21 MeV, respectively
[23]. In 1989, the TPS Collaboration confirmed D1(2420) in
the D∗+π− decay channel [24]. According to this decay mode,
its spin-parity is either JP = 1+ or 2+. The angular momentum
analysis by the ARGUS Collaboration further shows that the
observed D1(2420) has JP = 1+ [25]. The D1(2420) has been
confirmed by other experiments [2, 26–37] too.
The Belle Collaboration observed a broad state D1(2430)
with mass M = 2427 ± 26 ± 20 ± 15MeV and width Γ =
384+107−75 ± 24 ± 70 MeV by analyzing the B → D∗ππ process,
where its spin-parity is determined as JP = 1+ by the helicity
distributions [32]. In 2006, the BaBar Collaboration studied
the D∗π invariant mass spectrum, where the broad D1(2430)
was confirmed [38].
Besides D1(2430), Belle announced the observation of an-
other broad state D∗0(2400), which has mass M = 2308 ±
17 ± 15 ± 28 MeV with JP = 0+ [32]. The D∗0(2400) was
also confirmed by the FOCUS and BaBar Collaborations with
M = 2403±14±35MeV [39] and M = 2297±8±5±19MeV
[40], respectively. Since different experiments gave quite dif-
ferent mass values for D∗0(2400), we will discuss mass depen-
dence of the D∗0(2400) decay by varying mass in the range(2290 ∼ 2350) MeV. The D∗0(2400) as a P-wave state with
JP = 0+ is supported by the theoretical works [4, 5, 8, 41].
The TPS Collaboration observed the charmed meson with
M = 2459 ± 3MeV and Γ = 20 ± 10 ± 5 in the invariant
mass spectrum of D+π− [24], which shows that this meson
has either JP = 0+ or 2+. This observation was confirmed
by the ARGUS Collaboration in the D+π− channel, and their
angular momentum analysis suggests the JP = 2+ assignment
to this state [26]. Thus, this resonance is named D∗2(2460).
Later, the CLEO Collaboration again confirmed the existence
of D∗2(2460), where it has mass M = 2461 ± 3 ± 1MeV and
width Γ = 20+ 9+ 9−10+12 MeV. In addition, the ratio
B(D∗2(2460) → D+π−)
B(D∗2(2460) → D∗+π−)
= 2.3 ± 0.8 (1)
was measured as well in Ref. [27], which is consistent with
the theoretical calculations in Refs. [4, 5, 10, 41–44]. In re-
cent years, many other experiments have reported D∗2(2460)
[2, 25, 28–31, 33–37, 39, 40, 45].
The above experimental information indicates that there are
two charmed mesons with JP = 1+. In the heavy quark limit
3mQ → ∞, ~jℓ = ~S q + ~L is a good quantum number, where ~S q is
the spin of a light quark and ~L is its angular momentum. Thus,
heavy-light mesons can be classified by jPℓ . Two 1S -wave
charmed mesons form one doublet (0−, 1−) with jPl = 12
−
.
Four 1P-wave charmed mesons can be grouped into two dou-
blets, (0+, 1+) and (1+, 2+), with jPl = 12
+
and jPl = 32
+
, respec-
tively. Since states with JP = 1+ in (0+, 1+) and (1+, 2+) dou-
blets decay into D∗π via S -wave and D-wave [4, 5, 8, 41, 46–
48] in the heavy quark limit, respectively, the charmed mesons
with JP = 1+ in (0+, 1+) and (1+, 2+) doublets have broad
and narrow widths, respectively, which makes us easily distin-
guish two 1+ charmed mesons experimentally observed, i.e.,
D1(2430) and D1(2420) belong to the doublets (0+, 1+) and
(1+, 2+) [4, 5, 8, 41, 42, 44], respectively.
B. D(2550), DJ(2580), D∗(2600) and D∗J(2650)
The D(2550) was observed by the BaBar Collaboration,
which has the mass M = 2539.4 ± 4.5 ± 6.8 MeV and width
Γ = 130± 12± 13 MeV [2]. The D(2550) is suggested to be a
candidate for D(21S 0) by the helicity distribution analysis [2].
In 2013, an unnatural state DJ(2580) was found in the D∗π
invariant mass spectrum by the LHCb Collaboration through
the process pp → DπX [3]. Since the resonance parame-
ters of DJ(2580) are similar to those of D(2550), D(2550) and
DJ(2580) are regarded as the same state.
The mass of D(2550) or DJ(2580) is consistent with the
theoretical prediction of D(21S 0) in Ref. [13]. In addition,
the decay width of D(21S 0) was calculated by the QPC model
[46], which is close to the lower limit of experimental width
of D(2550)/DJ(2580). In addition, the theoretical studies
presented in Refs. [49, 50] also show that D(2550) can be
D(21S 0), the first radial excitation of D mesons. However,
the authors in Ref. [5, 51–53] indicated that the theoretical
total width of D(21S 0) is far below the experimental value of
D(2550).
The BaBar Collaboration reported a resonance D∗(2600)
with mass M = 2608.7 ± 2.4 ± 2.5 MeV and width Γ =
93±6±13 MeV, which is regarded as a radial excitation of D∗
by the helicity distribution analysis [2] and they also measured
the ratio [2]
B(D∗0(2600) → D+π−)
B(D∗0(2600) → D∗+π−) = 0.32 ± 0.02 ± 0.09. (2)
A natural state D∗J(2650) was found in the D∗π invariant
mass spectrum by the LHCb collaboration through the process
pp → D∗πX [3], where D∗J(2650) is tentatively identified as a
JP = 1− state, a radial excitation of D∗. Therefore, D∗J(2650)
[3] and D∗(2600) [2] are the same state.
In Ref. [54], they predicted that mass of D(23S 1) is 2620
MeV via the constituent quark model, which is in good agree-
ment with the experimental value of D∗(2600). Moreover, the
ratio Γ(D(23S 1)0 → D+π−)/Γ(D(23S 1)0 → D∗+π−) = 0.47
was predicted via the relativistic chiral quark model [4], which
is close to the upper bound of Eq. (2). In Ref.[5], the authors
calculated a mass spectrum and wave functions of charmed
mesons via a relativistic quark model, and then adopted the
obtained masses and wave functions as an input to estimate
hadronic decay widths. Here, the predicted mass of D(23S 1)
is 2692 MeV which is heavier than D∗(2600), while the pre-
dicted total width of D(23S 1) is consistent with the experi-
mental data of D∗(2600). Furthermore, the assignment 23S 1
to D∗(2600) is also supported by the studies in Refs. [49–
53, 55, 56].
C. D∗(2760), D∗J(2760), D(2750) and DJ(2740)
The D∗(2760) observed by the BaBar Collaboration in the
Dπ invariant mass spectrum [2] can be assigned to a D-wave
charmed meson since its mass is consistent with the theo-
retical prediction in Ref. [13]. Later, LHCb announced
the observation of a natural state D∗J(2760) with mass M =
2761.1 ± 5.1 ± 6.5 MeV and width Γ = 74.4 ± 3.4 ± 37.0
MeV. Both D∗(2760) and D∗J(2760) can be regarded as the
same state since these two states have the similar widths and
masses [57].
Comparison between the prediction in the Ref. [5] and
the experimental data of D∗(2760) shows that D∗(2760) can
be either D(13D1) or D(13D3). However, the assignment of
D∗(2760) to D(13D1) or D(13D3) cannot be supported by the
result shown in Ref. [46] since the calculated total widths
of these two assignments are far larger than the experimental
value. Later, in Ref. [51], it was suggested that D∗(2760) is a
mixture of the 23S 1 and 13D1 states, which is also supported
by the study presented in Ref. [49]. However, calculation
by the constituent quark model shows that the D(13D3) as-
signment of D∗(2760) cannot be excluded [52], which is also
supported by the works in Refs. [51, 53, 55, 58].
Besides D∗(2760), another state D(2750) was also observed
by the BaBar Collaboration in the D∗π mass spectrum, where
its mass and width are M = 2752.4 ± 1.7 ± 2.7 MeV and
Γ = 71± 6± 11 MeV, respectively [2]. Although D(2750) can
be a good candidate of a D-wave charmed meson according
to the mass spectrum analysis in Ref. [13], the helicity distri-
bution analysis of D(2750) does not support the D(13D1) and
D(13D3) assignments [2]. BaBar also gave the ratio [2]
B(D∗(2760)0 → D+π−)
B(D(2750)0 → D∗+π−) = 0.42 ± 0.05 ± 0.11. (3)
As an unnatural state, DJ(2740) was found by the LHCb
Collaboration, which has mass M = 2737.0± 3.5± 11.2 MeV
and JP = 2− [3]. Due to the similarity between D(2750)
and DJ(2740), it is possible that D(2750) and DJ(2740) are
the same state. Before the observation of D(2750)/DJ(2740),
the masses of two 2− charmed mesons were predicted in Ref.
[5], where the masses of the 2− charmed mesons belonging
to the (1−, 2−) and (2−, 3−) doublets are 2883 MeV and 2775
MeV, respectively, which shows that D(2750)/DJ(2740) as a
2− state with jP
ℓ
= 5/2−, i.e., (2−, 3−), is more favorable. How-
ever, we also notice that the corresponding theoretical width
of this 2− state is not consistent with the experimental value.
After observating D(2750)/DJ(2740), the authors of Ref. [58]
calculated the ratio Γ(D∗(2760)0 → D+π−)/Γ(D(2750)0 →
4D∗+π−) by adopting an effective Lagrangian approach, which
is consistent with the experimental data, where D∗(2760) and
D(2750) are identified as the 13D3 and 2− states in the (2−, 3−)
doublet, respectively. The studies in Refs. [49, 52, 53, 55] also
suggested that D(2750) is a 2− state in the (2−, 3−) doublet.
D. DJ(3000) and D∗J(3000)
The LHCb Collaboration observed the unnatural state
DJ(3000) in the D∗π invariant mass spectrum [3] , where its
resonance parameters are
M = 2971.8 ± 8.7 MeV, Γ = 188.1 ± 44.8 MeV.
Then, different theoretical groups carried out the study of
DJ(3000). In Refs. [59], DJ(3000) is regard as the first radial
excitation of D1(2430), which was also confirmed by Refs.
[56, 60]. However, other possible assignments to DJ(3000)
were proposed, i.e., the D(31S 0) [50] and D(3+) [56] assign-
ments.
A natural state D∗J(3000) was also reported by LHCb in the
Dπ invariant mass spectrum [3], which has
M = 3008.1 ± 4.0 MeV, Γ = 110.5 ± 11.5 MeV.
The D∗J(3000) is variously explained as D(23P0) [59],
D(13F2) [56] and D(13F4) [50, 56, 60].
III. MASS SPECTRUM
For the heavy-light meson system, we need to adopt a rela-
tivistic quark model to study their mass spectrum since a rel-
ativistic effect for a heavy-light meson system is significant.
The Godfrey-Isgur (GI) model can well describe the meson
spectrum [13], which is a typical quenched quark model. Af-
ter the discovery of Ds0(2317) [61–64], Ds1(2460) [62–65]
and X(3872) [66], theorists realized that it is necessary to take
into account coupled channel effects, especially for higher ra-
dial and orbital excitations of hadrons [67–70], where the cou-
pled channel effects may change the meson spectrum. This
motivates us to modify the GI model by considering the cou-
pled channel effects.
In general, spontaneous creation of light quark-antiquark
pairs inside a meson can soften a linear confinement poten-
tial br by screening a color charge at distances larger than
about one fermi [15], which is known as the screening effect.
The screening effect has been seen by the unquenched Lattice
QCD and holographic models [71–73]. The mass suppression
can be caused by both the screening and coupled channel ef-
fects. Although the screening effect can be almost equivalent
description of the coupled channel effect, we need to empha-
size that the screening effect cannot depict the near-threshold
effect as the coupled channel effect does [74], which is ob-
tained by studying charmonium spectrum. The authors of
this paper made a comparison of the results by adopting the
screening and coupled channel effects. Applying the idea in
Ref. [74] to our case, we can similarly study a charmed me-
son spectrum. However, it is a complicated task and can be
assessed at a future theoretical work1.
In Refs. [12, 75, 76], the screening effect was taken into ac-
count when studying the mass spectra of light mesons, char-
monia and charmed-strange mesons. Mezzoir et al. provide
description of a highly excited light-quark meson spectrum by
flattening the confining potential br at distances larger than rs
[75]. The screened potential model [77, 78] was adopted to
compute the charmonium spectrum [76]. In our recent work
[12], the screening effect was introduced to modify the GI
model, where the mass spectrum of charmed-strange meson
family with this treatment is greatly improved compared with
the results of the GI model. As a sister work of Ref. [12],
the present work focuses on the charmed mesons applying the
modified GI model [12] to obtain their mass spectrum.
In the GI model, the confining potential br is smeared out
to include relativistic effects, i.e.,
˜V(r) =
∫
d3r′ρ12(r− r′)br′. (4)
Here, the GI model is a quenched quark model in the sense
that the effect of quark-antiquark pairs is not introduced [13].
In order to take account of the screening effect in the GI
model, the confining potential br is replaced with [77, 78]
br → Vscr(r) = b(1 − e
−µr)
µ
, (5)
where Vscr(r) behaves like br at short distances and constant
b/µ at large distances. Furthermore, the smearing function is
introduced to take into account nonlocality property of poten-
tials [13], i.e.,
˜Vscr(r) =
∫
d3r′ρ12(r − r′)b(1 − e
−µr′ )
µ
. (6)
The detailed explanation of how to introduce the screening
effect into the GI model can be found in Ref. [12].
The mass spectrum of charmed mesons is calculated in the
GI model and the modified GI model, which is shown in Table
II. Here, all the parameters of the modified GI model are the
same as those of the GI model [13] except for the additional
parameter µ in ˜Vscr(r). In this Table, we present the theoret-
ical predictions of the mass spectrum with several values of
µ, 0.01 GeV, 0.02 GeV, 0.03 GeV, and 0.04 GeV. In order to
choose a suitable value for µ, we calculate the χ2 of predicted
masses for each µ. In Table III we list the theoretical results
with the least value of µ = 0.03 GeV together with experi-
mental data. Here the concrete expression for χ2 is,
χ2 =
∑
i
(ATh(i) − AExp(i)
Error(i)
)2
, (7)
1 We would like to thank the referee for his/her useful suggestion on this
point
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FIG. 1: (color online). Mass spectrum of charmed mesons (in units of MeV). Here, the blue lines stand for the results of the GI model [13],
while the red lines are those of the modified GI model with µ = 0.03 GeV. The purple squares denote the experimental data taken from PDG
[1], while the green circles and blue lozenges are experimental masses of Ref. [2] and Ref. [3], respectively. The corresponding 2S+1LJ
quantum numbers are listed on the abscissa. In addition, when there exists a mixture of n1LL and n3LL states, we use a notation LL.
where ATh(i) and AExp(i) are theoretical and experimental
values, respectively. Error(i) denotes the experimental error of
the mass of a charmed meson. A minimum of χ2 is obtained
by our model with µ = 0.03 GeV. Eventually, the modified
GI model with this value of µ improves the whole description
of the charmed meson mass spectrum compared with the GI
model (see Table III for more details).
In Table III, we further make a comparison between exper-
imental data and theoretical values obtained via the modified
GI model. Besides the 21S 0 and 23S 1 states, a difference be-
tween theoretical and experimental values of other charmed
mesons is less than 20 MeV. We can conclude from the mass
spectrum analysis, i.e.,
1. Two 1S states and four 1P states in the charmed me-
son family can be well reproduced by the modified GI
model.
2. Both D(2550) reported by the BaBar Collaboration [2]
and DJ(2580) from the LHCb Collaboration [3] are usu-
ally considered as a candidate of D(21S 0). Here, the
mass of D(2550) is quite close to the theoretical mass
of D(21S 0), while the mass of DJ(2580) is larger than
the theoretical mass of D(21S 0) by about 40 MeV.
3. There exist two experimental results D∗(2600) and
D∗J(2650) from BaBar [2] and LHCb [3], both of which
can be a candidate of D(23S 1). Our result shows that
D∗(2600) is closer to the theoretical mass of D(23S 1).
4. D(2750)/DJ(2740) is a good candidate of D(1D2),
while D∗(2760)/D∗J(2760) corresponds to D(13D1) or
D(13D3).
5. DJ(3000) and D∗J(3000) can be candidates of D(31S 0)
and D(33S 1), respectively. In addition, the mass spec-
trum study cannot exclude a possibility of DJ(3000) and
D∗J(3000) as the 1F states in the charmed meson fam-
ily. We also notice that the theoretical masses of the 2P
states are about 100 MeV smaller than the correspond-
ing experimental data of DJ(3000) and D∗J(3000) .
We also notice a study of the heavy-light meson spec-
troscopy within the framework of the QCD-motivated rel-
ativistic quark model based on the quasipotential approach
[79]. The conclusion of mass spectrum obtained above in the
present work is consistent with those of Ref. [79].
In order to clearly identify the properties of the observed
charmed mesons, we need to perform a systematic study of
their decay behaviors, which is the main task in the next sec-
tion.
6TABLE II: The calculated masses of charmed mesons by the modi-
fied GI model and comparison with those obtained by the GI model.
Here, we take several µ values, µ = 0.01 , 0.02 , 0.03 , and 0.04 GeV
to show µ dependence of the modified GI model. Values in brack-
ets for the GI model and µ = 0.03 are those of R = 1/β, which can
be determined by solving
∫
ΨSHO
nLM(p)2 p2d3p =
∫
Φ(p)2 p2d3p, where
ΨSHO
nLM(p) is an SHO wave function and Φ(p) is the wave function of a
charmed meson which we obtain by solving an eigenvalue equaiton.
We need to emphasize that we do not consider mixing among states
with the same quantum number when presenting the results. µ is in
units of GeV, while R is in units of GeV−1.
GI model Modified GI model
µ = 0.01 µ = 0.02 µ = 0.03 µ = 0.04
11S 0 1874(1.52) 1869 1865 1861(1.54) 1855
21S 0 2583(2.08) 2566 2550 2534(2.22) 2518
31S 0 3068(2.33) 3037 3005 2976(2.50) 2945
13S 1 2038(1.85) 2032 2027 2020(1.89) 2015
23S 1 2645(2.17) 2628 2610 2593(2.33) 2576
33S 1 3111(2.38) 3079 3047 3015(2.56) 2983
11P1 2457(2.00) 2447 2436 2426(2.08) 2415
21P1 2933(2.27) 2909 2885 2861(2.44) 2837
13P0 2398(1.85) 2387 2376 2365(1.92) 2354
23P0 2932(2.22) 2907 2881 2856(2.38) 2831
13P1 2465(2.00) 2453 2441 2431(2.08) 2419
23P1 2952(2.27) 2927 2902 2877(2.44) 2852
13P2 2501(2.22) 2490 2479 2468(2.33) 2456
23P2 2957(2.38) 2933 2908 2884(2.56) 2859
11D2 2827(2.27) 2807 2791 2773(2.38) 2755
21D2 3225(2.44) 3193 3160 3128(2.63) 3095
13D1 2816(2.13) 2798 2780 2762(2.27) 2744
23D1 3231(2.33) 3198 3164 3131(2.56) 3097
13D2 2834(2.27) 2816 2797 2779(2.38) 2761
23D2 3235(2.44) 3202 3169 3136(2.63) 3102
13D3 2833(2.38) 2815 2797 2779(2.56) 2761
23D3 3226(2.50) 3194 3162 3129(2.70) 3097
11F3 3123(2.44) 3097 3072 3046(2.63) 3019
13F2 3132(2.33) 3106 3080 3053(2.50) 3027
13F3 3129(2.44) 3104 3078 3051(2.63) 3025
13F4 3113(2.50) 3088 3063 3037(2.70) 3011
IV. STRONG DECAY BEHAVIORS
Study of the two-body Okubo-Zweig-Iizuka (OZI) allowed
strong decay behaviors of the observed and the predicted
charmed mesons can provide much more information on the
features of the charmed mesons under discussion, which in-
cludes total and partial decay widths. What is more important
is that the inner structure of the observed charmed mesons
given by the mass spectrum analysis in Sect. III can be further
tested here.
As an effective approach to study the OZI allowed strong
decays of hadrons, the quark pair creation (QPC) model is ap-
plied to compute the OZI-allowed strong decays of charmed
mesons, which was first proposed by Micu [16] and was fur-
ther developed by the Orsay group [17–22]. Here, a meson de-
cay occurs through a flavor and color singlet quark-antiquark
pair created from the vacuum. To depict a qq¯ pair creation
from the vacuum, the transition operator T is introduced as,
T = −3γ
∑
m
〈1m; 1 − m|00〉
∫
dp3dp4δ3(p3 + p4)
×Y1m
(p3 − p4
2
)
χ341,−mφ
34
0
(
ω340
)
i j b
†
3i(p3)d†4 j(p4), (8)
where γ is a dimensionless constant which reflects the strength
of creating a quark-antiquark pair from the vacuum. In Ref.
[80], γ = 8.7 is obtained for the uu/dd pair creation by fit-
ting with the experimental data, where the S U(3) flavor sin-
glet wave function was adopted, while for reflecting the S U(3)
breaking effect we take γ = 8.7/
√
3 for the ss pair creation as
suggested in Ref. [17]. We need to explain why there exists an
extra 1/
√
3 factor for the ss pair creation. In Ref. [17], the au-
thors realized the S U(3) and S U(4) breaking by defining the
flavor function φ0 of a qq¯ pair created from the vacuum, i.e.,
φ0 reads φ0 = uu¯ + d ¯d + σs(ss¯) + σc(cc¯) where σs = mu/ms,
σc = mu/mc, and σs expresses the S U(3) breaking. In oder
to check whether the estimate of σs is in agreement with
hadron spectroscopy, the authors of Ref. [17] calculated ra-
tios ra2(1320) = Γ(a2(1320) → πη)/Γ(a2(1320) → K ¯K) and
r f2(1270) = Γ( f2(1270) → ππ)/Γ( f2(1270) → K ¯K) by the QPC
model to obtain ra2 = 0.8/(σs)2 and r f = 9.6/(σs)2. Com-
paring the above ratios with the experimental data ra2 = 3.2
and r f = 30, they found that σs ≈ 1/
√
3 is a reasonable es-
timate. In our work we adopt φ340 = (uu¯ + d ¯d + ss¯)/
√
3 as
the flavor S U(3) singlet wave function. To show the S U(3)
breaking, the creation strength for uu¯ and d ¯d is defined as γ,
while for the strength of ss¯ creation we have γ/
√
3, which is
equivalent to the description in Ref. [17]. In Eq. (8), sym-
bols p3 and p4 stand for momenta of quark and antiquark,
respectively. Yℓm(p) = |p|ℓYℓm(p) is the solid harmonic poly-
nomial and χ341,−m is the spin triplet state. The quantum num-
ber of a quark-antiquark pair is JPC = 0++ determined by
coupling the orbital angular momentum with the spin angu-
lar momenta, which indicates the conservation of angular mo-
mentum J, P parity and C parity in the course of strong in-
teraction. φ340 = (uu + dd + ss)/
√
3 and
(
ω340
)
i j = δi j/
√
3 are
the S U(3) flavor and color functions, respectively, with i and
j being the color indices.
The transition matrix of a process A → BC can be ex-
pressed as
〈BC|T |A〉 = δ3(pB + pC)MMJA MJB MJC , (9)
where pB and pC are the momenta of mesons B and C, respec-
tively. |A〉, |B〉 and |C〉 denote mock states [83]. The mock
7TABLE III: Comparison of experimental data and theoretical results. Here, we also list the χ2 values for different models. The notation LL is
introduced to express mixing states of 1LL and 3LL. Here, the results listed in the last column are calculated by the modified GI model with
µ = 0.03 GeV which gives the least χ2 value among several µ’s.
n 2S+1LJ Experimental values [1] GI model [13] Modified GI model
D 1 1S 0 1864.84 ± 0.07 1874 1861
D∗ 1 3S 1 2010.26 ± 0.07 2038 2020
D∗0(2400) 1 3P0 2318 ± 29 2398 2365
D1(2420) 1 P1 2421.4 ± 0.6 2467 2434
D1(2430) 1 P1 2427 ± 26 ± 25 2455 2424
D∗2(2460) 1 3P2 2464.3 ± 1.6 2501 2468
D(2550) 2 1S 0 2539.4 ± 4.5 ± 6.8 [2] 2583 2534
D∗(2600) 2 3S 1 2608.7 ± 2.4 ± 2.5 [2] 2645 2593
D(2750) 1 D2 2752.4 ± 1.7 ± 2.7 [2] 2845 2789
D∗(2760) 1 3D3 2763.3 ± 2.3 ± 2.3 [2] 2833 2779
χ2 – – 45677 5748
state of a meson A can be defined as
|A(n2S+1LJMJ )(pA)〉
=
√
2E
∑
MS ,ML
〈LML; S MS |JMJ〉χAS ,MS
×φAωA
∫
dp1dp2δ3(pA − p1 − p2)
×ΨAnLML (p1, p2)|q1(p1)q¯2(p2)〉, (10)
where χAS ,MS , φ
A and ωA are spin, flavor and color wave func-
tions of a meson A, respectively. ΨA
nLML (p1, p2) is a spatial
wave function of meson A, which can be obtained in the mod-
ified GI model. Furthermore, the amplitude MMJA MJB MJC can
be related to the partial wave amplitude MJL via the Jacob-
Wick formula [84], i.e.,
MJL(A → BC) =
√
2L + 1
2JA + 1
∑
MJB ,MJC
〈L0; JMJA|JAMJA〉
×〈JBMJB; JC MJC |JMJA〉MMJA MJB MJC .
Therefore, the total decay width can be expressed as
Γ = π2
|pB|
m2A
∑
J,L
|MJL|2. (11)
After this brief introduction of the QPC model, we perform
a phenomenological analysis of charmed mesons in the fol-
lowing. When calculating a decay width, we adopt the numer-
ical wave function for a charmed meson obtained in this work
and the one for charmed-strange meson from Ref. [12]. Addi-
tionally, we still employ the simple harmonic oscillator wave
function for light mesons such as π and K, where the corre-
sponding β values are taken from Ref. [41]. We need to em-
phasize that the mass is taken from PDG [1] for the observed
meson. For the charmed mesons which are still missing, we
use the theoretical predictions calculated in the modified GI
model, the results listed in Table. II and/or Fig. 1, as an input.
A. 1P states
As the 13P0 state, D∗0(2400) has been observed by three
different experiments. However, the experimental masses are
quite different from each other as shown in Table I. Therefore,
in this work we take the mass range (2.29 ∼ 2.35 GeV) of
D∗0(2400) to discuss mass dependence of the calculated decay
width. Here, D∗0(2400) only decays into Dπ. In Fig. 2, we
present the mass dependence of the decay width of D∗0(2400).
We find that our results are consistent with experimental data
Γ = 276 ± 21 ± 63 [32], Γ = 240 ± 55 ± 59 [39], and Γ =
273 ± 12 ± 48 [40].
In the following, we study D1(2420) and D1(2430), which
are mixtures of the 11P1 and 13P1 states. D1(2420) and
D1(2430) satisfy the relation

|D1(2430)〉
|D1(2420)〉
 =

cos θ1P sin θ1P
− sin θ1P cos θ1P


|11P1〉
|13P1〉
 , (12)
where the mixing angle is θ1P = −54.7◦ which is determined
by the heavy quark limit [41, 85, 86].
The width of D1(2420) (Γ = 70 ± 21) was first measured
by the ARGUS Collaboration [23]. However, different exper-
iments provided different widths as Γ = 13 ± 6+10−5 MeV [25],
Γ = 23+8+10−6−3 MeV [27], and Γ = 21 ± 5 ± 8 MeV [33]. Here,
we take the median as the width, i.e., the measurement Γ =
21±5±8 MeV from the Belle Collaboration [33]. D1(2430) is
a broad state, which has the width Γ = 384+107−75 ±75 MeV given
by Belle [32] and Γ = 266 ± 96 MeV by BaBar [38]. Both
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FIG. 2: Mass dependence of the width of D∗0(2400) and comparison
with the Belle data [32]. The mass range of D∗0(2400) is 2920 ∼ 2350
MeV.
D1(2430) and D1(2420) only decay into Dπ. In Fig. 3, we
show the decay widths of D1(2420) and D1(2430) depending
on the mixing angle θ1P, where our results are consistent with
the experimental data when taking −45.6◦ < θ1P < −37.2◦,
which is close to θ1P = −54.7◦ = − arcsin(
√
2/3) in the heavy
quark limit [41, 85, 86].
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FIG. 3: The θ1P dependence of the decay widths of D1(2420) and
D1(2430) .
The D∗2(2460) is considered as the 13P2 state. Its de-
cay channels are Dπ, D∗π, Dη and DsK, whose theoreti-
cal values of decay widths are shown in Table IV. The total
width is 14.86 MeV and the branching ratio B(D∗2(2460)0 →
D+π−)/B(D∗2(2460)0 → D∗+π−) is 1.96. There are several dif-
ferent experimental widths for D∗2(2460), i.e., Γ = 20± 10± 5
MeV from the TPS Collaboration[24], Γ = 20+ 9+ 9−10−12 MeV
from the CLEO Collaboration [27] and 45.6 ± 4.4 ± 6.7 MeV
from the Belle Collaboration [32]. Our theoretical width
is consistent with the TPS data [24] and the CLEO data
TABLE IV: The partial and total widths of charmed mesons
D∗2(2460), D(2550)/DJ (2580), and D(2600)/D∗J (2650). We mark the
OZI-forbidden channels by “–”, If the channels depend on other pa-
rameters, we label them with “” and show the widths in Fig. 4. All
values are in units of MeV.
Channels D∗2(2460) D(2550)/DJ(2580) D(2600)/D∗J (2650)
Dπ 9.17 – 
Dη 0.02 – 
DsK 1.0 × 10−4 – 
D∗π 4.67 67.56 
D∗η – – 
D∗sK – – 
D∗0(2400)π – 4.09 –
D∗2(2460)π – – 
D1(2420)π – – 
D1(2430)π – – 
Total width 14.86 71.65 –
[27]. Furthermore, our ratio is in good agreement with ex-
perimental values B(D+π−)/B(D∗+π−) = 2.3 ± 0.8 [27] and
B(D+π−)/B(D∗+π−) = 1.9 ± 0.5 [32] measured by CLEO and
Belle, respectively.
In this subsection, D∗0(2400), D1(2420), D1(2430) and
D∗2(2460) which are well established as 1P charmed mesons
have been analyzed, which makes us safely adopt the QPC
model and the related model parameters to further study the
following charmed mesons under discussion.
B. 2S and 1D states
The D(2550)/DJ(2580) [2, 3] is usually considered as a can-
didate of the 21S 0 state. The main decay channels of D(2550)
are D∗π and D∗0(2400)π as shown in Table IV, which can ex-
plain why BaBar and LHCb first observed D(2550)/DJ(2580)
in the D∗π channel. The total width is obtained as 71.65
MeV which is comparable with the lower bound of the BaBar
data [2] and is smaller than the LHCb value [3]. Consider-
ing this situation, we also suggest to do more precise mea-
surement of the resonance parameters of D(2550)/DJ(2580),
which will be helpful for further testing the 21S 0 assignment
to D(2550)/DJ(2580).
In the following, we study D∗(2600)/D∗J(2650) [2, 3] with
JP = 1−, which is a mixture of the 23S 1 and 13D1 states. Here,
D∗(2600) and its orthogonal partner satisfy
 |D
∗(2600)〉
|D∗′(1−)〉
 =
 cos θS D sin θS D− sin θS D cos θS D

 |2
3S 1〉
|13D1〉
 , (13)
where the mixing angle θS D is introduced to describe mixing
between D(23S 1) and D(13D1).
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FIG. 4: The θS D dependence of the total and partial decay widths and
the ratio Γ(Dπ)/Γ(D∗π) of D∗(2600).
The θS D dependence of the total width, partial decay
widths, and ratio B(D∗(2600) → D+π−)/B(D∗(2600) →
D∗+π−) of D∗(2600) is shown in Fig. 4, where two tiny partial
widths Γ(D∗(2600) → D∗sK) and Γ(D∗(2600) → D∗2(2460)π)
are not listed. When taking the range −3.6◦ < θS D < 1.8◦, the
theoretical ratio is consistent with the BaBar measurement of
Eq. (2). The obtained total width is about 60 MeV which is
comparable to the experimental data Γ = 93±6±13 MeV [2].
We also find that the main decay modes of D∗(2600) is Dπ
(9 ∼ 15 MeV) and D∗π (32 ∼ 38 MeV), which also explains
why D∗(2600) was first reported in these two decay channels
[2]. We need to stress that the small mixing angle θS D is ex-
pected because of the large mass difference between D∗(2600)
and its partner D∗(2760), which is consistent with the sugges-
tion in Ref. [13].
As the D-wave charmed meson with JP = 2−,
D(2750)/DJ(2740) is probably either 1D(2−) or 1D′(2−) state,
which satisfies the following relation
 |1D(2
−)〉
|1D′(2−)〉
 =
 cos θ1D sin θ1D− sin θ1D cos θ1D

 |1
1D2〉
|13D2〉
 , (14)
where θ1D is the mixing angle and can be fixed as θ1D =
−50.8◦ = − arcsin(√3/5) in the heavy quark limit [41, 85,
87].
The decay modes of 1D(2−)/1D′(2−) are shown in Table V.
If D(2750)/DJ(2740) is 1D′(2−), the mixing angle dependence
of the corresponding partial and total decay widths is given in
Fig. 5. The range of a mixing angle is obtained as −73.8◦ <
θ1D < −35.7◦ in Fig. 5 so that the calculated total width is
consistent with a central value of the experimental data, which
includes the above heavy quark limit, θ1D = −50.8◦. Thus, a
1D′(2−) state is suitable for D(2750)/DJ(2740). In addition,
the main decay modes of D(1D′(2−)) are predicted to be D∗π
(10 ∼ 25 MeV), Dρ (37 ∼ 55 MeV), Dω (12 ∼ 17 MeV) and
D∗2(2460)π (0 ∼ 25 MeV).
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FIG. 5: The θ1D dependence of the total and partial decay widths of
D(2750)/DJ (2740). Here, the vertical dash line corresponds to the
mixing angle θ1D = −50.8◦.
TABLE V: The calculated partial and total decay widths of 1D states
with several possible assignments. If a decay channel is forbidden,
we mark it by “–”. As for the channels which depend on other pa-
rameters, we label them with “” and show the widths in Figs. 4 and
5. All values are in units of MeV.
Channels 13D1 1D(2−)/1D′(2−) 13D3
Dπ 76.13 – 8.47
Dη 9.01 – 0.31
DsK 11.66 – 0.17
D∗π 35.16  7.05
D∗η 2.68  0.11
D∗s K 2.92  0.04
Dρ 26.34  0.61
Dω 8.87  0.21
D∗0(2400)π –  –
D∗2(2460)π 0.56  0.63
D1(2420)π 211.72  0.21
D1(2430)π 0.007  0.26
Total width 385.06 – 18.07
We need to mention that the widths of 1D′(2−) can be easily
transformed into those of 1D(2−), since the width expression
for 1D′(2−) with mixing angle θ1D is equal to that of 1D(2−)
with the mixing angle θ1D + 90◦. Here, we give more pre-
dictions for the missing D(1D(2−)). Its total width can reach
265 ∼ 290 MeV and its main decay modes are D∗π (96 ∼ 110
MeV) and D∗2(2460)π (135 ∼ 160 MeV) when taking the
range −73.8◦ < θ1D < −35.7◦. Here, we take the mass 2737
MeV for D(1D(2−)) as an input, which is taken from the ex-
perimental data of DJ(2740) [3].
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There are two possible assignments of D∗(2760)/D∗J(2760),
i.e. either an orthogonal partner of D∗(2600)) as given by
Eq. (13) or a 13D3 state. Since the mixing angle θS D defined
in Eq. (13) is quite small, −3.6◦ < θS D < 1.8◦, as shown in
Fig. 4, so it is legitimate to consider that D∗(2760)/D∗J(2760)
is dominated by a pure 13D1 state.
The decay modes of D(13D1) and D(13D3) states are
listed in Table V. The theoretical widths of the D(13D1)
and D(13D3) states are 385.06 MeV and 18.07 MeV, respec-
tively, both of which deviate from the experimental data,
Γ = 60.9 ± 5.1 ± 3.6 [2] and Γ = 74.4 ± 3.4 ± 37.0 MeV
[3]. This is the obstacle to assign the D(13D1) and D(13D3) to
D∗(2760)/D∗J(2760).
Apart from the problem of their total decay width,
in this work we compare the ratio B(D∗(2760)0 →
D+π−)/B(D(2750)0 → D∗+π−) with the BaBar data [2]. Here,
D(2750) is considered as the 1D′(2−) state. If we assign
D∗(2760)/D∗J(2760) to the 13D3 state, the theoretical ratio is
0.34 ∼ 0.86 with the −73.8◦ < θ1D < −35.7◦ range, which is
in good agreement with experimental measurement [2]. As a
consequence, D∗(2760)/D∗J(2760) can be tentatively identified
as the 13D3 state. However, the future experimental measure-
ment of the resonance parameters for D∗(2760)/D∗J(2760) is
an important topic, which will be helpful for giving a final
and definite answer to the assignment of D∗(2760)/D∗J(2760).
Our calculation also shows that the orthogonal partner of
D∗(2600) should be a broad state with the total width 385
MeV and its main decay channels are Dπ, D∗π, Dρ and
D1(2420)π. Here, the ratio
B(D∗′(1−) → D∗π)
B(D∗′(1−) → Dπ) = 0.46 (15)
is also predicted2.
C. 3S states
The mass spectrum analysis suggests the D(31S 0) assign-
ment for DJ(3000) (see the discussion in Sect. III). Under
this assignment, we present the decay behaviors of DJ(3000)
in Table VI. Here, its total width is 90.28 MeV which is
comparable to the lower limit of the experimental data Γ =
188.1 ± 44.8 [3]. The partial decay width of D(31S 0) → D∗π
is 43.17 MeV which contributes almost 50% to the total de-
cay width. This is consistent with the fact that DJ(3000) is
observed in the channel D∗π. As a consequence, DJ(3000)
can be a good candidate of D(31S 0). Besides D∗π, Dρ and
D∗0(2400)π are other two important decay modes.
2 We also notice recent results of LHCb, where a new resonance D∗1(2760)
[88] with spin-1 was observed. Its resonance parameters are
M = 2781 ± 18 ± 11 ± 6 MeV, Γ = 177 ± 32 ± 20 ± 7 MeV,
which are comparable with the theoretical mass (2762 MeV) and width
(385 MeV) of D∗′(1−). This means that D∗1(2760) can be the orthogonal
partner of D∗(2600).
We further discuss D∗J(3000) as D(33S 1). In Table VI, the
total width of D(31S 1) is 80.36 MeV which is pretty close to
the lower limit of experimental measurement for D∗J(3000),
Γ = 110.5 ± 11.5 MeV [3]. The main decay modes of
D(31S 0) are Dπ, D∗π and Dρ, where the partial decay width
of D(33S 1) → Dπ contribute about 17% to the total decay
width which naturally explains why the observed decay mode
of D∗J(3000) is Dπ. By the above study, we conclude that
D∗J(3000) as D(33S 1) is suitalbe. In addition, we also predict
the ratio
B(D(33S 1) → Dπ)
B(D(33S 1) → D∗π) = 0.53, (16)
which can be tested in future experiments.
In this work we do not consider the mixing effect between
23S 1 and 33S 1 since the mass gap between these is as large as
400 MeV as shown in Table II, which is a different situation
from the case of mixing between 23S 1 and 13D1 discussed in
Sect. IV B.
D. 1F states
There exist four 1F states in the charmed meson family. We
list their decay behaviors in Table VI.
As for the D(13F2) state, the mass by the modified GI
model is 3053 MeV predicted in Table II. The D∗J(3000) re-
cently observed can be a possible candidate of D(13F2) ac-
cording to the mass spectrum analysis. The main decay chan-
nels of D(13F2) are Dπ, D∗π, Dρ and D1(2420)π and the total
width is 222.02 MeV, which is about two times larger than
the experimental data, Γ = 110.5 ± 11.5 MeV [3]. Therefore,
D∗J(3000) is not a suitable candidate for D(13F2). Here, the
ratio
B(D(13F2) → Dπ)
B(D(13F2) → D∗π) = 1.39. (17)
is also obtained, which provides a crucial information to fur-
ther test whether the D(13F2) assignment to D∗J(3000) is rea-
sonable.
D(1F(3+)) and D(1F′(3+)) are mixtures of the 11F3 and
13F3 states, i.e., |1F(3
+)〉
|1F′(3+)〉
 =
 cos θ1F sin θ1F− sin θ1F cos θ1F

 |1
1F3〉
|13F3〉
 , (18)
where the mixing angle θ1F can be fixed as θ1F = −49.1◦ =
− arcsin(2/√7) in the heavy quark limit [41, 85] when further
discussing their decay properties.
The predicted mass of D(1F(3+)) is 3032 MeV. If we take
the assignment D(1F(3+)) to DJ(3000), the obtained total de-
cay width is 187.20 MeV, which is in good agreement with the
experimental measurement Γ = 188.1 ± 44.8 MeV [3]. The
main decay modes are D∗π and D∗2(2460)π, which can explain
why DJ(3000) was first observed by experiment in the D∗π
channel [3]. As a consequence, DJ(3000) can be reasonably
regarded as the D(1F(3+)) charmed meson.
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TABLE VI: The calculated partial and total decay widths of D∗J(3000) and DJ(3000) with several possible assignments. If a decay channel is
forbidden, we mark it by ”–”. All mixing angles are given in the heavy quark limit and all values are in units of MeV.
Channels 31S 0 33S 1 13F2 1F(3+) 1F′(3+) 13F4 23P0 2P(1+) 2P′(1+) 23P2
Dπ – 13.53 26.09 – – 4.97 72.51 – – 1.46
Dη – 1.37 2.76 – – 0.29 6.96 – – 0.003
Dη′ – 0.54 1.71 – – 0.02 1.11 – – 0.17
DsK – 2.01 2.78 – – 0.15 7.46 – – 1.2 × 10−4
D∗π 43.17 25.68 18.83 42.23 8.39 5.31 – 61.73 6.46 0.12
D∗η 2.37 1.78 1.76 3.75 0.35 0.21 – 4.30 1.26 0.23
D∗η′ 0.004 1.1 × 10−5 0.06 4.9 × 10−4 8.8 × 10−6 7.4 × 10−5 – 0.90 0.001 0.04
D∗sK 3.10 2.24 1.53 3.06 0.16 0.09 – 3.77 1.33 0.26
Dρ 10.22 12.16 19.71 4.10 42.86 2.95 – 36.44 8.80 13.57
Dω 3.26 4.31 6.80 1.28 12.99 0.94 – 12.56 2.75 4.34
DsK∗ 0.004 0.71 0.47 0.01 0.64 0.007 – 1.94 6.75 0.72
D∗ρ 2.54 0.02 6.41 16.62 16.41 56.94 138.25 41.94 23.78 5.60
D∗ω 0.83 0.006 2.29 5.08 5.45 18.37 43.89 13.95 7.78 1.81
D∗s K∗ – 1.1 × 10−4 6.3 × 10−5 – – 5.8 × 10−4 3.59 – – 4.29
D∗0(2400)π 11.27 – – 0.23 0.98 – – 7.08 14.01 –
D∗0(2400)η 2.79 – – 0.002 0.005 – – 0.39 0.90 –
Ds(2317)K 5.05 – – 0.004 0.02 – – 0.84 2.09 –
D∗2(2460)π 5.67 6.93 11.97 109.45 3.27 2.37 – 81.44 9.46 5.51
D1(2420)π – 4.04 116.51 1.26 1.82 0.33 11.78 13.03 6.85 7.08
D1(2420)η – 0.03 2.21 0 0 4.0 × 10−6 0.32 0.01 0.008 0.02
D1(2430)π – 1.32 0.31 0.12 0.41 1.55 11.64 9.00 5.03 21.36
D1(2430)η – 1.40 6.8 × 10−4 0 0 5.1 × 10−4 0.27 0.006 0.003 0.43
Ds(2460)K – 2.28 0.002 3.3 × 10−6 1.2 × 10−5 0.002 0.57 0.08 0.05 0.88
Total width 90.28 80.36 222.02 187.20 93.76 94.50 298.35 289.41 97.31 68.89
As an orthogonal partner of D(1F(3+)), the theoretical
mass of D(1F′(3+)) by the modified GI model is 3063 MeV
which is about 100 MeV above the experimental data of
DJ(3000). Thus, we also discuss the D(1F′(3+)) assignment
of DJ(3000). The results shown in Table VI indicate that D∗π,
Dρ, Dω and D∗ρ are the main decay channels and the total
width is 93.76 MeV comparable with the lower limit of the
experimental data [3]. Therefore, we can not fully exclude
the possibility of that DJ(3000) is a candidate of D(1′F(3+)).
In order to distinguish possible assignments D(1F(3+)) and
D(1F′(3+)) of DJ(3000), a precise measurement of the total
and partial widths of DJ(3000) will be a main task in future
experiments.
D(13F4) is a possible assignment to D∗J(3000) according to
only the mass spectrum analysis since the mass of D(13F4)
is calculated as 3037 MeV close to the experimental data of
D∗J(3000). In Table VI, we list the decay channels of D(13F4).
Here, D∗ρ and D∗ω are the main decay channels, and the total
width is 94.50 MeV which is consistent with the experimental
data Γ = 110.5 ± 11.5 MeV [3]. However, the decay width of
D(13F4) → D∗π is only 4.97 MeV which contributes 5% to
the total decay width. Thus, it is difficult to explain why the
observed channel of D∗J(3000) is D∗π. By this analysis, we can
conclude that D∗J(3000) is not a good candidate of D(13F4).
We also give extra information of the typical ratio, i.e.,
B(D(13F4) → Dπ)
B(D(13F4) → D∗π) = 0.94, (19)
although these are not main decay modes.
E. 2P states
In the following, we discuss whether DJ(3000) and
D∗J(3000) can be categorized into the 2P states.
In Table VI, we list the decay modes of D(23P0), where the
main decay modes are Dπ, D∗ρ and D∗ω and the total width
is 298.35 MeV which is far larger than the experimental data
Γ = 110.5 ± 11.5 MeV [3]. D(23P0) has mass 2856 MeV
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predicted in the modified GI model which is about 150 MeV
lower than the experimental mass of D∗J(3000). Hence, if we
consider this mass spectrum analysis together with the present
calculation of the decay behaviors, the D(23P0) assignment to
D∗J(3000) cannot be supported by our study.
DJ(3000) as a candidate of D(2P(1+)) or D(2P′(1+)) is con-
sidered here. As mixed states, D(2P(1+)) and D(2P′(1+)) have
a relation
 |2P(1
+)〉
|2P′(1+)〉
 =
 cos θ2P sin θ2P− sin θ2P cos θ2P

 |2
1P1〉
|23P1〉
 (20)
with a mixing angle θ2P, where we take θ2P = θ1P = −54.7◦
[41, 85] to list the numerical results of the decay widths of
D(2P(1+)) or D(2P′(1+)) in Table VI.
If DJ(3000) is a D(2P(1+)) state, D∗π. Dρ, D∗ρ and
D∗2(2460)π are its main decay modes, and its total width can
reach 289.41 MeV comparable with the experimental width
Γ = 188.1 ± 44.8 MeV [3]. Although the predicted mass of
D(2P(1+)) is 2853 MeV, which is about 120 MeV lower than
experimental value of DJ(3000), the above results show that
there is still a possibility of DJ(3000) as D(2P(1+)).
If DJ(3000) is D(2P′(1+)), the obtained total width is 97.31
MeV which is comparable to the lower limit of the experimen-
tal width of DJ(3000). In addition, D∗ρ and D∗0(2400)π are the
main decay modes. However, D∗π is not a main decay channel
since it only contributes 6.6% to the total decay width, where
D(2P′(1+)) → D∗π occurs via a D-wave in the heavy quark
limit. By remembering that DJ(3000) was first observed in
its D∗π channel, our results do not favor the D(2P′(1+)) as-
signment of DJ(3000), which is also supported by the mass
spectrum analysis since the theoretical mass of D(2P′(1+)) by
the modified GI model is 2885 MeV far below the experimen-
tal data.
D∗J(3000) is not a good candidate of the D(23P2) state,
which is concluded by the mass spectrum analysis and the
study of its decay behaviors. In the modified GI model, the
mass of D(23P2) is predicted to be 2884 MeV, which is in-
consistent with the mass of D∗J(3000). Under the D(23P2)
assignment to D∗J(3000), the total and partial decay widths
are presented in Table VI, where Dρ and D1(2430)π are the
main decay modes and the total width is 68.89 MeV which is
comparable to the lower limit of experimental measurement
Γ = 110.5 ± 11.5 MeV [3] released by the LHCb Collabora-
tion. However, the process D(23P2) → Dπ is a subordinate
decay channel, which just contributes 2% to the total decay
width. Accordingly, we conclude that D∗J(3000) is not a good
candidate of the D(23P2) state.
In Table VI, we predict abundant information of decay be-
haviors of the 2P states in the charmed meson family, which
provides valuable hints to search for the missing 2P charmed
mesons and to test these meson assignments to D∗J(3000) and
DJ(3000).
F. 2D states
The mass of D(23D1) is 3131 MeV predicted through the
modified GI model in Table II. We show the decay behaviors
of D(23D1) in Table VII, which indicates that D(23D1) is a
broad state since the obtained total width is 121.75 MeV. Its
main decay modes contain Dπ, D∗π and D1(2420)π. We also
predict the branching ratio
B(D(23D1) → D∗π)
B(D(23D1) → Dπ) = 0.37. (21)
The charmed mesons, D(2D(2−)) and D(2D′(2−)), satisfy
the following relation
 |2D(2
−)〉
|2D′(2−)〉
 =
 cos θ2D sin θ2D− sin θ2D cos θ2D

 |2
1D2〉
|23D2〉
 , (22)
where θ2D is the mixing angle, which in the heavy quark limit
we can fix as θ2D = −50.8◦ [41, 85, 87].
The D(2D(2−)) has the predicted mass 3115 MeV and has
the broad total decay width, whose value can reach 111.67
MeV. Additionally, D∗π and D∗2(2460)π are the main decay
channels, and the decay width of D(2D(2−)) → D∗π can con-
tribute more than 40% to the total decay width.
With the modified GI model, we get the theoretical mass of
D(2D′(2−)) to be 3148 MeV. In Table VII, we list the decay
channels of D(2D′(2−)), the total width is 30.17 MeV, and the
main decay channels contain Dρ and Dω.
The masses of D(2D(2−)) and D(2D′(2−)) are similar to
each other and have the same decay modes but with difer-
ent values. However, we can still distinguish them in exper-
iments in two aspects. Firstly, D(2D(2−)) and D(2D′(2−))
are broad and narrow states. Secondly, in the heavy quark
limit D(2D(2−)) → D∗π is a purely P-wave decay while
D(2D′(2−)) → D∗π is a purely F-wave decay [87], which
is the reason why the total decay widths of D(2D(2−)) and
D(2D′(2−)) are largely different.
The mass prediction of D(23D3) is 3129 MeV in the mod-
ified GI model. Since the calculated total width of D(23D3)
is 29.33 MeV, D(23D1) is a narrow charmed meson, where
Dπ, D∗2(2460)π, D1(2420)π and D1(2430)π are the main de-
cay channels. We also obtain the ratio
B(D(23D3) → D∗π)
B(D(23D3) → Dπ) = 0.29, (23)
which can be tested in future experiments.
V. SUMMARY
Looking at the the observed charmed mesons shown in Ta-
ble I, the charmed meson family has become more and more
abundant, which has stimulated us to perform a more system-
atic phenomenological analysis of higher radial and orbital ex-
citations in the charmed meson family with our great interest.
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TABLE VII: Decay behaviors of four 2D charmed mesons. Values
are in units of MeV.
Channels 23D1 2D(2−) 2D′(2−) 23D3
Dπ 36.10 – – 3.09
Dη 3.49 – – 0.11
Dη′ 2.13 – – 0.003
DsK 3.46 – – 0.06
D∗π 13.26 47.39 0.29 0.89
D∗η 0.99 3.86 0.02 0.001
D∗η′ 0.02 0.28 0.13 0.03
D∗sK 0.74 3.51 0.04 1.3 × 10−5
Dρ 2.19 5.36 14.75 1.02
Dω 0.71 1.73 4.76 0.32
DsK∗ 0.15 0.28 0.01 0.11
D∗ρ 0.01 0.29 1.35 10.11
D∗ω 0.004 0.09 0.42 3.35
D∗s K∗ 0.41 0.47 0.50 0.39
D∗0(2400)π – 2.54 2.89 –
D∗0(2400)η – 0.18 0.31 –
D∗
s0(2317)K – 0.24 0.36 –
D∗2(2460)π 7.19 39.92 0.60 2.38
D∗
s2(2573)K 0.07 0.37 0.02 0.02
D1(2420)π 43.32 1.41 0.81 2.24
D1(2420)η 0.63 0.10 0.12 0.03
D1(2430)π 6.05 3.36 2.28 4.65
D1(2430)η 0.27 0.12 0.14 0.25
Ds1(2460)K 0.34 0.14 0.16 0.27
Ds1(2536)K 0.22 0.03 0.05 0.007
Total width 121.75 111.67 30.17 29.33
In the present work we have done two major tasks. Firstly, a
mass spectrum analysis has been given by adopting the mod-
ified GI model, where the screening effect is taken into ac-
count. Secondly, the OZI-allowed two-body strong decays of
charmed mesons under discussion have been obtained via the
QPC model.
In this work, we have revealed the underlying structures
of the observed charmed states D(2550), D∗(2600), D(2750),
D∗(2760), DJ(2740), D∗J(2760), DJ(3000), and D∗J(3000). In
Table VIII we give a summary of possible assignments for
D∗J(3000) and DJ(3000). Comparing the theoretical and ex-
perimental data, we rate the possibility of each assignment
with stars. Additionally, we have provided more abundant
properties of these particles including some typical decay ra-
tios and partial decay widths, which are critical to test these
possible assignments of charmed mesons.
In the following years, exploration of higher radial and or-
bital excitations in the charmed meson family will be one of
the main projects in Belle, LHCb, and forthcoming BelleII.
In this work, we have also predicted some missing charmed
mesons, where their masses and decay behaviors have been
provided. This information is helpful for experimental study
of the missing states in the charmed meson family. We also
expect more experimental observation of charmed mesons in
future.
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